Abstract| In Magnetic Resonance Imaging, inhomogeneities of the static magnetic eld lead to perturbations in the resulting images, called artifacts. Our goal is to numerically compute the disturbances induced by a material having magnetic properties di erent from that of the surrounding tissues (e.g. a paramagnetic implant). Since the method is linked to an artifact reconstruction model to get simulated images, it has to be well suited for general three dimensional geometries and to provide very accurate results in a ne grid around the implant. Our method is based on a surface integral representation of the magnetic eld. An analytical expression is derived when the boundary of the domain can be meshed in at panels. For curved surfaces a numerical quadrature scheme is implemented.
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I. Introduction
In a Magnetic Resonance Imaging (MRI) device 1], a sample lies in a highly homogeneous static magnetic eld ? ! B 0 . One of the most common measuring protocol is the spin-echo spin-warp one. In this protocol, the nuclear spins are excited by a 90 o RF pulse and refocused by a 180 o pulse. The resulting RF signal is collected. The spatial localization is achieved by applying magnetic eld gradients along three space directions. A slice of the object is selected with the help of a gradient { the slice selection gradient { which is switched on during RF pulses. An image of this slice is obtained with the aid of a further gradient: the phase-encoding gradient just after the excitation pulse and the read-out gradient during data collection. The procedure is repeated when varying the strength of the phase encoding gradient. Finally the image is reconstructed through the two-dimensional Fourier transform of the collected data.
If the sample contains an object having a magnetic susceptibility di erent from that of the tissue, then an additional magnetic eld appears. The static eld is not homogeneous any longer and artifacts will appear in the images.
Manuscript received July 10, 1995. S. Balac, e-mail balac@lie.univ-rennes1.fr; G. Caloz, e-mail caloz@lie.univ-rennes1.fr.
This works is carried out within the framework of the research group G.I.S. biomat eriaux m etalliques at the University of Rennes.
The principles governing the resulting changes in the image have been analysed, see for instance 2]{ 4]. A point in the sample where the static eld di ers from the expected one will have, in the imaging process, the properties expected from another point, shifted in the directions of the slice selection and the read-out gradients.
Previous works 5], 3] have studied artefacts generated by a metallic ball, for which an analytical expression for the induced magnetic eld is known. We propose a computational procedure to calculate the magnetic eld induced by a paramagnetic body of a quite general geometry. The method is based on a surface integral representation of the magnetic eld.
An analytical expression is derived when the boundary of the domain can be partitioned into a set of at panels. For curved domains, a meshing of the surface as a collection of at triangles is generally not e cient and to get the desired accuracy the use of curved triangles is required. Then analytical expressions cannot be obtained and a numerical quadrature rule is needed. These two methods are implemented altogether so that when the boundary is formed of a set of both at and curved panels the best suited method can be used.
II. Computation of Magnetic Field Disturbances
A. Mathematical Modelling Let us consider an object ( is an open bounded set in R 3 with boundary ) having magnetic properties di erent from that of the surrounding tissue 0 = R 3 n , assumed to be an homogeneous medium and placed in an MRI device. is assumed to be an isotropic linear magnetic material. The exciting RF pulses are neglected.
Given an applied static magnetic eld ? ! B 0 we are concerned with nding the magnetic eld induced by . Since the metallic body is assumed to be paramagnetic, the induced eld is very small compared to ? ! B 0 and we will consider the magnetization being uniform in . Moreover we assume that the magnetization of the outward domain can be neglected.
The basic equations for magnetostatics deduced from
Maxwell equations lead to the problem: nd ? ! H such that div ? ! H = 0 in and 0 ;
(1)
? ! H ? ! n = ? ? ! M ? ! n at the interface ; (3) where ? ! n the unit outward normal to and the jump across the boundary. ? ! Problem (1){(4) is the classical magnetostatic problem due to a surface current and is studied from a mathematical point of view in 7] .
From equation (2) 
r ? ! n = ? ! M ? ! n at the interface ; (6) (x) ?! 0 when jxj ?! 1:
As is well known, the potential can be represented by the integral formula The numerical computation of ? ! B is discussed below.
B. Computational Method
We assume that the boundary is meshed in a nite union of at and curved triangles. Let T 1 h denote the set of all at triangles and T 2 h the set of all curved triangles. (One of these sets can be empty.) We get =
We decompose ? ! B as given by (10) These two sums are evaluated using two distinct methods. The third integral is much more complicated to handle and the method used depends on the shape of the triangle. We refer to 9], page 81, for a description of the method. We integrate once in x (16) and get 
The above analytical expressions have been validated by comparing the obtained values to results computed by using quadrature rule. We want to point out that if the domain is a polyhedron then ? ! B is evaluated exactly.
Moreover the accuracy does not depend on the size of the triangle.
D. Integration over curved triangles
When a part of the boundary is curved, an approximation with at triangles may not lead to the required accuracy. The use of curved triangles imply the computation of the second sum in (11), denoted S 2 . Analytical expressions cannot be obtained anymore.
To numerically evaluate S 2 we rst approximate the curved triangle K by a quadratic curved triangleK. Then we use a quadrature rule overK. 
where ! j and j ; j = 1 k, are the quadrature weights and nodes which are tabulated. We point out that the computation of S 2 by a quadrature method is hampered by the quasi-singular behavior of the function ? ! M ? ! r =r 3 when the point P is close to a triangle K. In this case we give a particular attention to the way the integral over K is evaluated. We use a technique described in 10] that consists in subdividing the integration regionK and then use the quadrature rule over each subdivision. We decide on the number of needed subdivisions by evaluating the distance from P to K.
III. Simulated artifacts
The computing method of the magnetic eld disturbance described above is linked to artifact reconstruction models 3] to get simulated images of the artifacts. We present a numerically computed artifact due to a titanium cylinder that could represent part of a catheter used in surgery. The experimental image was obtained using a spin-echo sequence along with the two dimensional Fourier transform as described in the introduction. The selection gradient intensity is 10 ?2 T:m ?1 . The magnetic eld ? ! B 0 (0:5 T) is aligned along the cylinder axis. The slice imaged is transverse and is located at half height. 
IV. Conclusion
An analytical technique has been successfully applied for computing the magnetic eld induced by a paramagnetic polyhedric body. Since appropriate analytical integrals over curved surfaces are generally not known, this method is somewhat restrictive. We needed to resort to quadrature methods to overcome this limitation.
The advantages of the presented approach is its simplicity and its computational e ciency. This is of great importance since the results are to be linked to the image reconstruction procedure to get simulated gures of susceptibility artifacts in M.R.I.
